An in vitro study was performed on 11 cadaver legs to study the effects of tarsal tunnel release, distraction calcaneocuboid arthrodesis, and triple arthrodesis on tibial nerve tension in surgically created pes planus feet. Baseline tibial nerve tension was measured during maximal dorsiflexion, eversion, combined dorsiflexion-eversion, and cyclical load with varying degrees of internal rotation. These measurements were repeated on the same leg after each surgical procedure.
INTRODUCTION
Tarsal tunnel syndrome was first described in 1962 as an entrapment neuropathy of the tibial nerve within the tarsal tunnel. 20,23 Though many authors14, 26, 30, 48 advocate tarsal tunnel release after failure of nonoperative therapy, the results of surgery have not been universally good. Factors which have been reported to be associated with a poor outcome after tarsal tunnel release include older age,48 chronic disease with motor involvement, 24 Compression is a clearly recognized factor 5, 7, 13, 14, 20, 21, 23, 24, 30, 31, 34, 37, 43, 44 in tarsal tunnel syndrome. The role of tibial nerve tension has been discussed as a potential causative factor; however, this theory has been based primarily on clinical observations. 14, 16, 18, 20, 21, 23, 31 Recently, Daniels et al." showed that lateral plantar nerve tension was increased in a surgically created pes planus foot, compared with the baseline unoperated foot.
Treatment recommendations for tarsal tunnel syndrome include stabilization of the foot with a rigid orthosis or surgical decompression of the tarsal tunnel. Using the method for measuring tibial nerve tension as described by Daniels et al.," the goal of this study was to investigate the effects of a tarsal tunnel release and stabilization procedures (distraction calcaneocuboid and triple arthrodesis) on tibial nerve tension in a surgically created pes planus foot.
MATERIALS AND METHODS
An in vitro study was performed on 11 fresh-frozen cadaver limbs. The cadaver limbs came from four males and three females with an average age of 64 years. There were five right and six left specimens with three bilateral specimens. All the cadavers were received in the anatomy department within 24 hrs of death and preserved by freezing without embalming. There were no major structural abnormalities present in the cadaver limbs, except for one specimen with a fifth-toe amputation. There was no gross subtalar, talonavicular, or calcaneocuboid arthritis present.
The fresh-frozen cadaver limbs were amputated further force applied to the foot did not result in an increase in nerve tension. Cyclical load. Before testing in a loaded position, the transducer was pretensioned to 1 N and zeroed while loaded to 100 N again. The specimen was placed on the MTS baseplate and loaded to simulate the early part of stance phase of gait. The specimen was loaded to 700 N cyclically at a frequency of 1 Hz for 3 to 4 cycles, before nerve tension was recorded to accommodate for stress relaxation. The nerve tension was then recorded under a cyclical load of 700 N at a frequency of 1 Hz, with simultaneous internal rotation of 0°,15°, and 25°.
The events that produce calcaneal eversion during the early part of stance phase form the basis for this experimental model. The cadaver limb was mounted and cyclically loaded with 700 N to simulate the loading of one bodyweight (70 kg). The limb was simultaneously internally rotated to 0°,15°, and 25°to simulate the normal transverse rotations of the lower limb. The average amount of internal rotation produced during the early part of stance phase is 11°. 25 Additional internal rotation is present with a more flexible pes Foot & Ankle International/Vol. 19, No. 11/November 1998 through the knee joint. All specimens were thawed for 24 hrs at room temperature. Each leg was prepared by removing the skin and subcutaneous tissues on the distal aspect of the foot and ankle to help expose the tibial nerve and vessels proximal to the flexor retinaculum. The tibial nerve was identified and isolated just proximal to the flexor retinaculum. The dissection was performed carefully to preserve the supporting ligaments, joint capsules, and the flexor retinaculum.
The proximal tibia was rigidly positioned in an aluminum pot with set screws. The leg specimen was then placed on the MTS (MTS Systems Corporation, Cary, NC) baseplate and loaded proximally through a hinged articulation connecting the servohydraulic actuator.
A transducer, MLP-10 Low-Range Load Cell (Transducer Techniques, Temecula, CA), was used to measure the tensile forces placed through the nerve. The transducer recorded nerve tension in real time. It was attached to an adjustable machined rig that was secured to the distal tibia by a plate with screws. The transducer was attached to a specially designed supporting arm of a rig through a universal joint that allowed it to swivel and orient itself in the same direction as the forces being placed through the nerve. The supporting arm was constructed so that the transducer could be adjusted in both vertical and horizontal directions. This allowed it to be positioned so that there was no slack within the system, before loading the foot. A 2-0 Ethibond suture was placed through the tibial nerve, proximal to the flexor retinaculum, using a Bunnell suture, which was secured to the center of the transducer and aligned to follow the direction and position of the tibial nerve. The proximal and distal branches of the tibial nerve were undisturbed. The experimental setup is shown in Figure 1 .
Baseline Measurement
Foot Position. The foot was loaded to 100 N (newtons), and the nerve was pretensioned to 1 N and then zeroed. This was considered the reference point. First, the specimen was unloaded and allowed to hang free, making the foot and ankle freely mobile. The foot was then manually manipulated into maximal dorsiflexion, eversion, and combined dorsiflexion-eversion. This was consistent among different specimens because the same experimenter manipulated the foot, with the goal of achieving the maximal position with the greatest possible nerve tension. Because the transducer recorded nerve tension in real time, nerve tension was recorded until a maximum plateau was reached and no further increase was possible. The maximum nerve tension was measured and sustained for 3 sec. Any planus foot; therefore, the upper value of 25°of internal rotation was used. Because there is no muscle activity that restricts the motion of these joints at initial ground contact, this is a valid biomechanical model for the early part of stance phase.
The first measurement of tibial nerve tension under different foot positions and cyclical load was defined as the baseline measurements before intervention. Then, tibial nerve tension was measured sequentially on the same specimen after four interventions: (1) surgical creation of a pes planus deformity, (2) tarsal tunnel release, (3) distraction calcaneocuboid arthrodesis, and (4) triple arthrodesis. Because each specimen served as its own control, variability was decreased in the data by using a repeated measures design.
Pes planus foot. Deland et al. 9 demonstrated that a pes planus deformity could be recreated by releasing the posterior tibial tendon, talonavicular joint, spring ligament, plantar fascia, calcaneocuboid joint, subtalar joint, and interosseous ligament. This created a pes planus foot that resembled the clinical situation radiographically. After the release of these structures, the nerve tension was measured for foot position and load according to the baseline protocols described above.
Tarsal tunnel release. The proximal and distal tarsal tunnels were released to simulate surgical treatment. 2 ,7 ,14 ,19 ,24 ,3 6 .4 1 The proximal tarsal tunnel was decompressed by incising the flexor retinaculum and exposing the tibial nerve within the proximal tarsal tunnel. The distal tarsal tunnel was released by identifying and following the medial and lateral plantar nerves, and releasing part of the origin of the abductor hallucis brevis. Measurement of tibial nerve tension for foot position and load was then repeated according to the baseline protocols.
Distraction calcaneocuboid arthrodesis. The calcaneocuboid joint was exposed through an incision directly above the joint, and the cartilage was removed using an oscillating saw. The calcaneocuboid joint was distracted, using a 7.5 to 10 mm block of Lexan®(GE Plastics, Pittsfield, MA), and stabilized, using a staple. The tibial nerve tension was remeasured for foot position and load according to the baseline protocols.
Triple arthrodesis. The talonavicular joint was stabilized by reducing it in a neutral position, and drilling two heavy Steinmann pins anteriorly from the navicular into the talus. The subtalar joint was stabilized by holding the calcaneus in a neutral position and drilling a heavy Steinman pin from the posteroinferior nonweightbearing surface of the calcaneus to the talus in a superomedial direction.
The joints stabilized were verified directly, by using 772 LAU AND DANIELS Foot & Ankle Internationai/Vol. 19, No. 11/November 1998 a scalpel to probe the joints to verify that the pins crossed the joint, and indirectly, by manipulating the joint to determine whether subtalar or talonavicular motion existed. In all cases, the talonavicular and subtalar joints were rigid using this technique. Measurement of tibial nerve tension for foot position and load were then repeated according to the baseline protocols.
Statistical analysis. For foot position and cyclical load, nerve tension was defined as the difference between the maximum and minimum nerve tensions recorded. Under foot position and cyclical load, five interventions were studied: (1) baseline, (2) pes planus foot, (3) tarsal tunnel release, (4) distraction calcaneocuboid arthrodesis, and (5) triple arthrodesis. All statistical analysis was performed using the SAS statistical software program (SAS Corporation, Cary, NC) with a significance of P = 0.05.
Foot position. The effects of the five interventions on dorsiflexion, eversion, and combined dorsiflexioneversion were analyzed separately. For each position, a one-factor repeated-measures analysis of variance (ANOVA) was performed on the data to determine whether nerve tension was significantly different within the group.
Because a difference was detected, multiple comparisons using paired Student's t-test were performed based on our hypothesis to determine where the differences existed: (1) pes planus and baseline, (2) tarsal tunnel release and pes planus, (3) distraction calcaneocuboid arthrodesis and tarsal tunnel release, and (4) triple arthrodesis and tarsal tunnel release.
Cyclical load. Nerve tension was affected by two factors under cyclical load: internal rotation and intervention. Nerve tension was recorded with 0°, 15°, and 25°of internal rotation. The interventions studied were baseline, pes planus foot, tarsal tunnel release, distraction calcaneocuboid arthrodesis, and triple arthrodesis.
A two-factor repeated-measures ANOVA was performed to determine whether internal rotation affected nerve tension alone, intervention affected nerve tension alone, and internal rotation and intervention combined to compound the effect on nerve tension. Because internal rotation and intervention did not significantly interact, both were analyzed separately to determine their individual effects on nerve tension.
RESULTS

Foot Position
The interventions had a significant effect on tibial nerve tension for dorsiflexion (P = 0.0001), eversion -.. data with the natural logarithm improved the normality of the data, and the ANaVA was performed on the transformed data. The mean tibial nerve tension reported represents the antilogarithm of the mean transformed nerve tension.
A two-factor repeated-measures ANaVA on the transformed data demonstrated that internal rotation (P = 0.0001) and intervention (P = 0.0001) significantly affected tibial nerve tension, but intervention and internal rotation combined did not significantly compound the change in nerve tension (P = 0.6704).
With increasing internal rotation, tibial nerve tension at 15°(P = 0.0005) and 25°(P = 0.0001) were significantly higher, compared with 0°of internal rotation. Similar to our previous work," the surgically created pes planus foot significantly increased tibial nerve ten- (P = 0.0002), and combined dorsiflexion-eversion (P = 0.0001). These data are summarized in Figure 2 . Similar to our previous study," a surgically created pes planus foot significantly increased tibial nerve tension during dorsiflexion (P = 0.0001), eversion (P 0.0229), and combined dorsiflexion-eversion (P = 0.0004), compared with the baseline foot. Tarsal tunnel release further increased tibial nerve tension during eversion (P = 0.0342) and combined dorsiflexion-eversion (P = 0.0297) compared with the pes planus foot, although it had no significant effect on tibial nerve tension during dorsiflexion (P = 0.7224).
The distraction calcaneocuboid arthrodesis significantly decreased tibial nerve tension during dorsiflexion (P = 0.0036), compared with the tarsal tunnel released pes planus foot, and it had no significant effect on tibial nerve tension during eversion (P = 0.9329) and combined dorsiflexion-eversion (P = 0.4519). The triple arthrodesis significantly decreased tibial nerve tension during dorsiflexion (P = 0.0005) and combined dorsiflexion-eversion (P = 0.0015), compared with the tarsal tunnel released pes planus foot, and it also decreased tibial nerve tension during eversion, but the level was not significant (P = 0.0648).
Cyclical Load
Before an ANaVA was performed, the data were scrutinized for distributional properties. With increasing internal rotation, the raw data demonstrated more skewness and kurtosis (the extent to which a unimodal distribution is peaked). A transformation of the raw -2
-3
Internal Rotation (degrees) Fig. 4 . The effect of cyclic axial loading with increasing internal rotation on nerve tension in pes planus foot and tarsal tunnel release (DR). the increase in tibial nerve tension. Tibial nerve tension was significantly and independently increased by increasing internal rotation (P = 0.0001) and creating a pes planus deformity (P = 0.0011); however, the interaction of the two variables was not significant (P = 0.1915). To demonstrate a significant interaction, sample size would have to be increased.
DISCUSSION
Our enthusiasm for surgical treatment of tarsal tunnel syndrome was supported by publications that reported good results in 79% to 95% of patients. Most of these studies were based on follow-up of less than 12 months. 14, 19, 24, 30 Several other studies showed that tarsal tunnel release did not produce long-term results comparable to decompression of other entrapment neuropathies. 26, 31, 36, 48 Pfeiffer and Cracchiolo'" reported that only 44% of patients had good or excellent results. They noted that the early results of surgery were good, but later deteriorated. The consequence of these inconsistent clinical results has been the development of more stringent diagnostic criteria and greater selectivity when considering patients as candidates for surgical decompression. 31 Tarsal tunnel syndrome has been defined as an entrapment neuropathy of the tibial nerve by the flexor retinaculum. 14, 20, 21, 23, 31, 37, 44 If this were the primary causative factor, then surgical decompression should alleviate the symptoms. Where a tarsal tunnel decompression proved unsuccessful, other factors have been suggested as contributing to the poor results. These factors include older age,48 chronic disease with motor involvement,24,48 epineural scarring of the tibial nerve,42,51 inadequate decornpresslon.P'<" double crush syndrome,6,41,49 and idiopathic cases. 31, 36, 48 Increased tibial nerve tension has been considered as one of the possible causative factors, 14, 16, 18, 20, 21, 23, 31 but its role in contributing to a poor surgical outcome has not been widely recognized.
It has been shown that surgically created pes planus deformity increased lateral plantar nerve tension, compared with the baseline unoperated foot." The present study demonstrated that tarsal tunnel release further increased tibial nerve tension during eversion, combined dorsiflexion-eversion, and cyclical load, when compared with the surgically created pes planus foot. The increased tibial nerve tension after a tarsal tunnel release could be explained by the fact that decompression of the tarsal tunnel further destabilized the medial side of the foot. The tarsal tunnel decompression involved surgical release of the flexor retinaculum (Iaciniate ligament) as well as the fascia of the abductor hallucis and the flexor digitorum brevis. sion, compared with baseline during cyclical load and increasing internal rotation (P = 0.0011) ( Fig. 3) .
Tarsal tunnel release significantly increased tibial nerve tension compared with the pes planus foot (P = 0.0295) ( Fig. 4) . Distraction calcaneocuboid arthrodesis (P = 0.0253) ( Fig. 5 ) and triple arthrodesis (P = 0.0267) ( Fig. 6 ) significantly decreased tibial nerve tension, compared with the tarsal tunnel released pes planus foot.
A further analysis was performed for baseline and pes planus feet, because the trend in the data suggested that an increase of internal rotation between 15°and 25°and a pes planus deformity compounded Internal Rotation (degrees) Fig. 5 . The effect of cyclic axial loading with increasing internal rotation on nerve tension in tarsal tunnel released foot and distraction calcaneocuboid arthrodesis.
Internal Rotation (degrees) Fig. 6 . The effect of cyclic axial loading with increasing internal rotation on nerve tension in tarsal tunnel released foot and triple arthrodesis.
CONCLUSION
The results of this investigation indicate that a tarsal tunnel release should be carefully considered in patients with pes planus feet, or for those that have already undergone an adequate tarsal tunnel release. If repetitive stretching of the tibial nerve contributes to the pathophysiology of tarsal tunnel syndrome, then variable amounts of tibial nerve compression and tension will produce the final tibial neuropathy. Relieving only the nerve compression fails to address nerve tension and may fall short of the overall management of this clinical entity. A monolithic surgical approach of one or more tarsal tunnel releases may not be sufficient for all patients with the diagnosis of tarsal tunnel syndrome. 31, 42 A triple arthrodesis and a distraction calcaneocuboid arthrodesis decreased the tibial nerve tension in a surgically created pes planus foot. Presently, the use of these procedures is highly experimental and not indicated for treatment of a tarsal tunnel syndrome. tension with eversion approached significance. These results suggest that tibial nerve tension depends on the severity of the foot deformity, and stable correction of this deformity decreases tibial nerve tension.
The effectiveness of corrective surgical procedures to decrease tibial nerve tension depended on the correction of the foot deformity and the stability of the arthrodesis. After distraction calcaneocuboid arthrodesis, 48% to 67% of talonavicular, and 70% to 92% of subtalar motion rernalned.''? We believe that the distraction calcaneocuboid arthrodesis restricted dorsiflexion through the midtarsal joints, and this significantly decreased nerve tension during dorsiflexion.
A triple arthrodesis decreased dorsiflexion of the ankle by 12.5%, hindfoot eversion by 60.5%, and supination and pronation of the foot by 50%. 17 The triple arthrodesis was more effective at decreasing tibial nerve tension because it maintained correction of the deformity better than the distraction calcaneocuboid arthrodesis.
Our previous study" showed that lateral plantar nerve tension was significantly increased in surgically created pes planus feet. The current investigation supports these findings. Furthermore, it demonstrates that a tarsal tunnel release increased tibial nerve tension ,whereas stabilization procedures decreased tibial nerve tension. Extrapolating these in vitro results to patients must be done cautiously, because we have not demonstrated that statistically significant increases in tibial nerve tension are clinically relevant. Furthermore, the effects of chronic and repetitive nerve stretch are poorly understood. 29, 45 Foot & Ankle InternationallVol. 19, No. 11/November 1998 These soft tissues are in a position to contribute to the soft tissue stability of the medial arch.?
The effects of acute 22,29,35,50 and chronic15,32,33,50 increases in nerve tension have been extensively studied in the animal model. In acutely stretched rabbit tibial nerves, venular flow obstructs at 8% elongation, and complete arterial occlusion occurs at 15% elongation. In both of these circumstances, the perineural integrity remains intact. Reversible reduction in compound nerve action potentials occurs with 6% elongation, and irreversible reduction occurs with 12% elonqatlon'"; these observed changes are secondary to ischemia. As nerve stretch and tension increases, mechanical failure occurs sequentially at the endoneurial tubes, the perineurium, and the epineurium. The perineurium is the strongest component of the nerve 4, 12, 22, 40, 46, 47 and fails at 38.5% strain,"? which represents a major injury to the nerve. 28, 38, 39 Nerves can tolerate much greater stretch when the tension is applied slowly. This phenomenon is observed for two reasons: (1) the tensile forces are gradual and distributed evenly throughout the nerve;15,32,33 and (2) greater stress relaxation occurs." Rat sciatic nerves that have been stretched slowly during 8 weeks with tissue expanders can tolerate a mean increase in length of 88% without significantly altering the intraneural cytoskeleton.P It is important to note that chronically injured nerves become stiffer because of epineural flbrosis." This may make compensation for increased tension more difficult. The effects of chronic, repetitive stretch injury to nerves are unknown.
The results of this study indicate that in the presence of a pes planus deformity, a tarsal tunnel release may further increase tibial nerve tension. This patient population may experience short-term relief as a result of two factors: (1) the postoperative period of immobility would decrease the stresses on the tibial nerve; and (2) the compressive component of the disease has been temporarily addressed. During the ensuing months, the patient's activities return to normal, and the roof of the tarsal tunnel reorganizes. The tibial nerve is once again subjected to compressive and tensile forces, with the latter potentially increased as a result of the surgical intervention. This is compounded by the fact that, in a predisposing pes planus deformity, the tibial nerve may already be susceptible to injury because of chronic repetitive stretch. 8, 11, 16, 18, 20, 21, 23, 27, 30, 31 In this study, the distraction calcaneocuboid arthrod-esis significantly reduced tibial nerve tension during dorsiflexion and cyclical load, whereas the triple arthrodesis significantly reduced tibial nerve tension during dorsiflexion, combined dorsiflexion-eversion, and cyclical load. The reduced tibial nerve
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Foot & Ankle Internationai/Vol. 19, No. 11/November 1998 Based on the results of this study, the authors suggest that stabilization of the foot with a rigid ankle-foot orthosis be considered in patients with the diagnosis of an idiopathic tarsal tunnel syndrome in the presence of a pes planus deformity or as an adjunct to postoperative management after a tarsal tunnel decompression.
